Thaumarchaeota are among the most abundant microbial cells in the ocean, but difficulty in cultivating marine Thaumarchaeota has hindered investigation into the physiological and evolutionary basis of their success. We report here a closed genome assembled from a highly enriched culture of the ammonia-oxidizing pelagic thaumarchaeon CN25, originating from the open ocean. The CN25 genome exhibits strong evidence of genome streamlining, including a 1.23-Mbp genome, a high coding density, and a low number of paralogous genes. Proteomic analysis recovered nearly 70% of the predicted proteins encoded by the genome, demonstrating that a high fraction of the genome is translated. In contrast to other minimal marine microbes that acquire, rather than synthesize, cofactors, CN25 encodes and expresses near-complete biosynthetic pathways for multiple vitamins. Metagenomic fragment recruitment indicated the presence of DNA sequences >90% identical to the CN25 genome throughout the oligotrophic ocean. We propose the provisional name "Candidatus Nitrosopelagicus brevis" str. CN25 for this minimalist marine thaumarchaeon and suggest it as a potential model system for understanding archaeal adaptation to the open ocean.
Thaumarchaeota are among the most abundant microbial cells in the ocean, but difficulty in cultivating marine Thaumarchaeota has hindered investigation into the physiological and evolutionary basis of their success. We report here a closed genome assembled from a highly enriched culture of the ammonia-oxidizing pelagic thaumarchaeon CN25, originating from the open ocean. The CN25 genome exhibits strong evidence of genome streamlining, including a 1.23-Mbp genome, a high coding density, and a low number of paralogous genes. Proteomic analysis recovered nearly 70% of the predicted proteins encoded by the genome, demonstrating that a high fraction of the genome is translated. In contrast to other minimal marine microbes that acquire, rather than synthesize, cofactors, CN25 encodes and expresses near-complete biosynthetic pathways for multiple vitamins. Metagenomic fragment recruitment indicated the presence of DNA sequences >90% identical to the CN25 genome throughout the oligotrophic ocean. We propose the provisional name "Candidatus Nitrosopelagicus brevis" str. CN25 for this minimalist marine thaumarchaeon and suggest it as a potential model system for understanding archaeal adaptation to the open ocean.
nitrification | marine metagenomics | genome streamlining | archaea P lanktonic archaea are widespread in the marine environment. Below the photic zone, archaea can constitute greater than 30% of total bacterioplankton (1), making them among the most abundant cells in the ocean. The majority of pelagic archaea belong to the recently described phylum Thaumarchaeota (2, 3) , also known as the Marine Group I archaea (4) . In addition to representing large fractions of marine metagenomic datasets (5) , metatranscriptomic data suggest that thaumarchaeal cells are metabolically active, with thaumarchaeal transcripts ranking as the most abundant in diverse marine environments (6) (7) (8) . The metabolic activity of marine Thaumarchaeota has important implications for global biogeochemical cycles via their role in nitrogen remineralization, carbon fixation (9) , and production of the greenhouse gas nitrous oxide (N 2 O) (10) .
At present there are six pure cultures of Thaumarchaeota: one from a marine aquarium [Nitrosopumilus maritimus SCM1 (11, 12) ], two from an estuary in the northeast Pacific [PS0 and HCA1 (13) ], and three from soil [Nitrosphaera viennensis (14) and Nitrosotalea devanaterra strains Nd1 and Nd2 (15) ]. Of these isolates, N. maritimus, N. viennensis, and N. devanaterra are able to grow as chemolithoautotrophic ammonia oxidizers. Beyond these organisms, much of our knowledge of the genomic inventory (16) (17) (18) , physiology, and biogeochemical activity of Thaumarchaeota has come from the characterization of enriched mixed cultures (19, 20) or uncultivated single cells (21, 22) . Common genomic features in all sequenced representatives include a modified 3-hydroxypropioinate/ 4-hydroxybutryrate pathway for carbon fixation (23) , an electron transport chain enriched in copper-centered metalloproteins, and lack of an identifiable homolog to hydroxylamine oxidoreductase (18, 24) , an Fe-rich decaheme protein that catalyzes the second step of ammonia oxidation in all ammonia-oxidizing bacteria (25) .
Given the tropical aquarium and estuarine origins of existing marine isolates, the extent to which their physiology and genomic features are representative of Thaumarchaeota in the open ocean is uncertain. In terms of physiology, N. maritimus grows chemolithoautotrophically, with ammonia as its sole energy source and bicarbonate as its sole carbon source. However, mixotrophy has been proposed for both N. viennensis and the marine isolates PS0 and HCA1 on the basis of growth stimulation when organic acids are added to the media (13, 14) . In terms of genome content, metagenomic recruitment to N. maritimus is poor relative to that of single-cell genomes obtained from the open ocean (21) .
Here, we present the closed genome of a marine ammoniaoxidizing Thaumarchaeota assembled from a low-diversity metagenome of an enrichment culture originating from the open ocean and previously described as CN25 (26) . We mapped peptides collected from early stationary phase cells to translations of the CN25 genome's predicted ORFs to produce the first global proteome, to our knowledge, from a marine thaumarchaeon. Finally, we used the genome to probe existing marine metagenomic and metatranscriptomic datasets to understand the relative distribution of CN25 and N. maritimus-like genomes in the ocean.
Results and Discussion
Cultivation, Genome Sequencing, and Global Proteome. Previous fluorescent in situ hybridization characterization of the CN25 Significance Thaumarchaeota are among the most abundant microbial cells in the ocean, but to date, complete genome sequences for marine Thaumarchaeota are lacking. Here, we report the 1.23-Mbp genome of the pelagic ammonia-oxidizing thaumarchaeon "Candidatus Nitrosopelagicus brevis" str. CN25. We present the first proteomic data, to our knowledge, from this phylum, which show a high proportion of proteins translated in oligotrophic conditions. Metagenomic fragment recruitment using data from the open ocean indicate the ubiquitous presence of Ca. N. brevis-like sequences in the surface ocean and suggest Ca. N. brevis as a model system for understanding the ecology and evolution of pelagic marine Thaumarchaeota.
enrichment culture indicated that in late exponential phase, 90-95% of the cells are archaeal (26) , and scanning electron microscopy shows the culture is dominated by rod-shaped cells with a diameter of 0.17-0.26 μm (mean 0.15 ± 0.02 μm; n = 50 cells) and length of 0.6-1.0 μm (0.78 ± 0.25 μm; SI Appendix, Fig. S1 ). A growth temperature optimum of ∼22°C (SI Appendix, Fig. S2 ) suggests physiological adaptation to subtropical surface ocean temperatures compared with a temperature optimum of 30°C for N. maritimus (12) .
Consistent with earlier fluorescent in situ hybridization data, 93.3% of the 49.6 million Illumina HiSeq reads from this lowdiversity metagenome were less than 45% GC (guanine-cytosine) content, with the remaining reads falling into two low-coverage bins of ∼50% and 65% GC content. A phylogenetic analysis indicated the archaeal reads were found in the low GC cluster. Assembly (via the Celera Assembler; wgs-assembler.sourceforge.net) of the low GC content bin resulted in five contigs at 40× coverage. Manual inspection of the sequence data, followed by PCR amplification and direct Sanger sequencing, resolved the genome into a single chromosome with a GC content of 33% (SI Appendix, Table S1 and Fig. S3 ).
At 1.23 Mbp, the closed CN25 genome is one of the smallest genomes of any free-living cell ( Fig. 1 , Table 1 , and SI Appendix, Fig. S4 ). It encodes for 1,445 predicted protein-coding genes, one rRNA operon, and 42 tRNA genes. No extrachromosomal elements were identified. We propose the provisional name "Candidatus Nitrosopelagicus brevis" str. CN25 (Ca. N. brevis). The genus name refers to the organism's water column habitat and its ability to oxidize ammonia to nitrite. The species name refers both to the organism's affiliation with a clade of shallow water Thaumarchaeota (26) and its small genome.
The translated ORFs, predicted from the assembled genome, were used as a reference to identify proteins in a global proteome of early stationary phase cells (SI Appendix and Fig. 1 ). The proteome recovered peptides mapping to 1,012 unique proteins, or roughly 70% of the total predicted proteins (SI Appendix, Dataset S1). Relative to previously investigated microbes, Ca. N. brevis translates a large fraction of its proteome under oligotrophic conditions (SI Appendix, Table S2 ).
Energy Metabolism. The Ca. N. brevis genome encodes genes for all three subunits of ammonia monooxygenase (AMO) with the same order and orientation (amoACB; T478_0302, _0300, _0298) found in other marine Thaumarchaeota, and all three subunits were detected in the proteome ( Fig. 1 and SI Appendix, Dataset S1). Although not among the top 15 most abundant proteins in terms of spectral counts, AmoB was highly abundant (top 5% of expressed proteins), as it is in the proteome of the ammonia-oxidizing bacterium Nitrosomonas europaea (27). The Ca. N. brevis genome also encodes for the 120-amino acid hypothetical protein previously termed AmoX [(28); T478_0301], located between amoA and amoC, and the proteome confirmed expression of this protein. As with all previously sequenced Thaumarchaeota, no hydroxylamine oxidoreductase homologs were identified. Five of the 15 most abundant proteins in the proteome were involved in energy production and conversion ( Fig. 1 and SI Appendix, Dataset S1), and energy production proteins are abundant in the proteomes of other chemolithoautotrophic organisms (29); thus, highly abundant hypothetical proteins are promising candidates for additional proteins involved in energy generation.
Metalloenzyme-specific analyses conducted for Ca. N. brevis suggest that, similar to N. maritimus, there is a reliance on coppercontaining electron transport proteins (SI Appendix, Dataset S2). The Ca. N. brevis genome encodes for 12 cupredoxin domain-containing proteins (Structural Classification of Proteins family 49550), which bind copper in a redox active fashion, compared with 27 proteins for N. maritimus. Many of the single-domain cupredoxins Fig. 1 . The 1.23-Mbp genome and proteome of Ca. N. brevis str. CN25. The outermost ring is the position along the genome in thousands of nucleotide base pairs and annotations of the 15 most abundant proteins in the proteome, plus ammonia monooxygenase subunit a (amoA). The second ring (histogram) is the relative abundance of protein spectral counts detected in a global proteome. The third and fourth rings (blue and cyan) indicate predicted ORFs on the plus and minus strands, respectively. The fifth ring (red) indicates the location of putative genomic island regions (IR). The sixth or innermost ring (green) is GC anomaly based on a 2,000-bp moving average. Key to protein annotations: 1. conserved domain protein (T478_1299); 2. ATP synthase (T478_1372); 3. conserved domain protein (T478_1300); 4. translation elongation factor EF-1 (T478_0861); 5. AAA family ATPase (T478_0115); 6. RNA polymerase subunit A (rpoA, T478_0275); 7. RNA polymerase subunit B (rpoB, T478_0274); 8. alcohol dehydrogenase (T478_1333); 9. putative glutamate dehydrogenase (T478_1059); 10. putative malate dehydrogenase (T478_0268); 11. conserved hypothetical protein (T478_0572); 12. oxidoreductase, short chain dehydrogenase (T478_0869); 13. ATP synthase alpha/beta chain T478_1371); 14. flavodoxin (T478_0486); 15. putative acetyl-CoA carboxylase (T478_1175). Relative abundance of all proteins identified in the global proteome is provided as an SI Appendix, Dataset S1. contain long N-terminal extensions lacking annotation, whereas two contain C-terminal PEFG sequences that likely target them to the cell membrane. Multicopper oxidases (Pfam07732) are not typically found in archaeal genomes outside the Thaumarchaeota and have been suggested as potential alternatives to the "missing" hydroxylamine oxidoreductase enzyme (24) ; Ca. N. brevis contains three multicopper oxidases, whereas N. maritimus contains six. Of the Ca. N. brevis multicopper oxidases, two were detected in the proteome (T478_0212, T478_1026), including the putative copper-containing nitrite (NO 2 − ) reductase (nirK; T478_1026). nirK transcripts are abundant in some marine metatranscriptomes (7) and were abundant in the proteome (SI Appendix, Dataset S1).
Reductive N 2 O production from NO 2 − has been demonstrated in enrichment cultures of Ca. N. brevis (10) and in N. maritimus (30, 31), although it is unclear whether reductive N 2 O production originates from enzymatic or abiotic reactions. The Ca. N. brevis assembly encodes for two putative nitric oxide reductase accessory proteins (norQ, T478_0286, and norD, T478_0285), both of which were detected in the proteome. NorQ is essential for the activation of NorB, which catalyzes the reduction of NO to N 2 O in both nitrifying (32) and denitrifying (33) bacteria. However, no homologs of norB were identified in Ca. N. brevis or in any other thaumarchaeal genome. Although implicated in reductive N 2 O production, norB and norQ mutants of the bacterial nitrifier N. europaea still produce N 2 O but have a greatly diminished capability to degrade NO (32). Thus, the genomic data leave the mechanism of reductive N 2 O production in Ca. N. brevis unresolved.
Central Carbon Metabolism. Candidate genes encoding for a partial 3-hydroxypropionate/4-hydroxybutyrate pathway were identified, suggesting the potential for carbon fixation in Ca. N. brevis (SI Appendix, Dataset S2). We identified proteins from all eleven enzymes, with a subunit of the acetyl-/propionyl-CoA carboxylase enzyme complex (T478_1175) among the most abundant proteins (Fig. 1) , suggestive of active carbon fixation during growth. The thaumarchaeal 3-hydroxypropionate/4-hydroxybutyrate pathway was recently demonstrated to be the most efficient pathway for carbon fixation (23) , which is likely an important adaptation for chemolithoautotrophic growth in the oligotrophic ocean.
Putative genes for a complete tricarboxylic acid cycle were also identified, and all were detected in the Ca. N. brevis proteome, with malate dehydrogenase among the most abundant proteins (Fig. 2) . Glycolysis is apparently incomplete (genes encoding a pyruvate kinase and phosphofructokinase were absent), but a complete gluconeogenic pathway was identified (SI Appendix, Dataset S2). However, Ca. N. brevis may benefit from the presence of organic compounds. For example, putative transport proteins for the import of lipoproteins, glycerol, and glycine betaine were all identified in the genome, with several present in the proteome, suggestive of potential alternative substrate use. Similarly, the persistence of a small percentage (<10% of total cells) of putatively heterotrophic bacterial cells in the enrichment culture and reports of reliance on organic compounds in other marine Thaumarchaeota (13) leave open the potential that Ca. N. brevis may benefit from organic compounds produced by the bacteria or in the natural seawater medium for growth. We found, however, no effect of organic carbon addition on the growth rate or cell yield of Ca. N. brevis cultures in tests with 20 different organic compounds (SI Appendix, Table S3 ).
Vitamin and Amino Acid Biosynthesis. Complete biosynthetic pathways for the B vitamin cofactors thiamin (B 1 ), riboflavin (B 2 ), pantothenate (B 5 ), pyridoxine (B 6 ), and biotin (B 7 ) are present in the Ca. N. brevis genome (SI Appendix, Dataset S2). A near-complete pathway for cobalamin (B 12 ) synthesis was also identified in the genome, missing only precorrin-6X reductase (cbiJ-cobK), which is also lacking in nearly all known cobalamin-producing archaea (34) except Methanococcus (35). Proteins within each of these pathways were detected in the proteome. Distributions of these vitamins in seawater have been suggested to explain the success of various phytoplankton lineages (36), although little is known about the source of them in seawater, particularly below the euphotic zone.
Consistent with the genetic capacity for B 12 biosynthesis, Ca. N. brevis encodes for three major B 12 -requiring enzymes: methylmalonyl-CoA mutase (T478_0628), methionine synthase (T478_1032), and ribonucleoside reductase (T478_1341). The genome also encodes for the archaeal-specific cobalt chelatase (cbiX) and cobY-cobU from the oxygen independent B 12 biosynthetic pathway, which does not require oxygen to produce the cobalt-binding corrin ring center of the vitamin (34). Because of its small genome size, Ca. N. brevis has a relatively large genetic investment in B 12 synthesis, with 1.7% of the genome encoding B 12 -related genes compared with 0.7% in Salmonella (37). Our findings also support those of a recent metagenomic analysis showing the widespread distribution of thaumarchaeal B 12 biosynthesis genes in the ocean (38). Six of the seven proteins for B 1 biosynthesis and two of the three proteins in the B 7 pathway were detected in the proteome. Vitamin B 1 is required for several central carbon metabolism enzymes including transketolase (T478_1212, T478_1213) and acetolactate synthase (T478_0886, T478_0887), and vitamin B 7 is a required coenzyme for the acetyl-/propionylCoA carboxylase enzyme complex (T478_1174, T478_1175, T478_ 1176). Other minimal genomes, such as Pelagibacter spp., lack the capability for complete B vitamin synthesis, uptake, and use (39, 40). The genomic and proteomic data presented here, together with the abundance of archaea in the mesopelagic (1), suggest Thaumarchaeota such as Ca. N. brevis are a potential source of multiple B vitamins required by microorganisms in the upper mesopelagic.
We identified complete or near-complete pathways for the synthesis of 18 amino acids, plus a near-complete pathway for methionine synthesis (SI Appendix, Dataset S2). We interpret apparent deficiencies in these pathways as gaps in our understanding of archaeal amino acid biosynthesis, rather than evidence of auxotrophy, as genes for all "missing" enzymes in the Ca. N. brevis genome are also absent in N. maritimus, which grows in minimal medium without added amino acids. Proteins in all amino acid biosynthesis pathways except asparagine were detected in the proteome. Although genes coding for known mechanisms of proline biosynthesis were not annotated, the absence of a canonical proline biosynthesis pathway was previously noted in other archaea and may be substituted by synthesis from L-ornithine (41). Again, the presence of several putative amino acid and oligopeptidetransporters lends support to the possibility that amino acids may be acquired exogenously, despite having genomic inventory for their biosynthesis.
Comparative Genomic Analyses Suggest Adaptations to the Surface Ocean. Phylogenetic analysis of an alignment of concatenated ribosomal protein genes unambiguously associates Ca. N. brevis within the Thaumarchaeota (SI Appendix, Fig. S5 ), yet a comparative whole-genome analysis highlights the distinction between Ca. N. brevis and previously sequenced Thaumarchaeota. The average amino acid identity of aligned proteins between Ca. N. brevis and other thaumarchaeal genomes ranged from 34% (against Candidatus Nitrosphaera gargensis) to 75% (against N. maritimus) (SI Appendix, Table S4 ). Protein sequences from Ca. N. brevis and eight other thaumarchaeal genomes were clustered at a range of amino acid identities (SI Appendix, Fig.  S6 ). Consistent with each new ammonia-oxidizing archaeal genome sequenced to date (18) , Ca. N. brevis contains a large number of proteins that are either unique or highly divergent, relative to other thaumarchaea. Using a 50% amino acid identity threshold to define orthologs, the Ca. N. brevis genome contains 331 predicted proteins not present in any other thaumarchaeal predicted proteome (SI Appendix, Dataset S3).
We investigated the Ca. N. brevis proteins with <50% identity to other thaumarchaeal proteins as potentially adaptive to the pelagic environment from which it was enriched; specifically, the lower euphotic zone. UV radiation and reactive oxygen species are two potential physiological stresses present in sunlit waters. We identified two genes encoding putative deoxyribodipyrimidine photolyases (T478_0069 and T478_0078; (SI Appendix, Dataset S2), associated with DNA repair resulting from UV damage. Both of these proteins were detected in the dark-grown proteome, suggesting either that these proteins have an alternative function in Ca. N. brevis or that they are coregulated as part of a universal stress response, as they are in Escherichia coli (42). A unique putative alkyl hydroxy peroxidase (ahpC) associated with reactive oxygen and nitrogen stress response was also identified (T478_0940), although homologous sequences were also identified in several deep (4,000 m) ocean fosmids, suggesting this is not a surface ocean-specific gene. In addition to the two "unique" ahpC-like genes, five other genes encoding predicted proteins in the same family (Pfam00578) were identified in the Ca. N. brevis genome (SI Appendix, Dataset S2). Low trace metal concentrations in the surface ocean may also play a role in microbial adaptation to the oligotrophic surface ocean, including marine archaea (43). Consistent with this, several of the "unique" Ca. N. brevis genes encode putative metal transport proteins, including a ferrous iron transporter (T478_0963), a putative CorA-like Mg 2+ or Co 2+ transporter (T478_0228), and a Znbinding protein (T478_0238).
The Ca. N. brevis genome is also distinguished by the lack of identifiable genes for several features reported in previously sequenced Thaumarchaeota. No genes encoding for flagellar synthesis or chemotaxis proteins were detected, suggesting a nonmotile lifestyle. Ca. N. brevis has no apparent capacity for biosynthesis of the osmolyte hydroxyectoine, as is present in the three sequenced Nitrosopumilus strains. The Ca. N. brevis genome does not encode for the Pst-type high-affinity phosphate transport system present in the N. maritimus genome, but it does encode for the transcriptional regulator PhoU (T478_0950) in a putative operon with a low-affinity phosphate transporter (Pit, T478_0951). We speculate that because subtropical North Pacific surface waters often contain residual phosphate, the genetic investment in a high-affinity phosphate transport system may not be necessary (44). Metabolism of methylphosphonic acid (MPn) by phosphate-starved microbes has recently been scrutinized as a possible explanation for the observed methane oversaturation in marine surface waters (45). N. maritimus was recently shown to synthesize MPn de novo, suggesting that planktonic marine archaea might be a natural source of MPn, and thus linked to marine methane dynamics (46) . Surprisingly, the Ca. N. brevis genome does not encode for a complete MPn biosynthesis pathway. In particular, Ca. N. brevis does not encode for the key enzyme MpnS (46), suggesting it does not synthesize MPn. It remains to be seen whether other open ocean Thaumarchaeota also lack the capacity to synthesize MPn, but these findings show that MPn synthesis may not be universally conserved in planktonic Thaumarchaeota, and that changes in thaumarchaeal population structure may influence marine methane dynamics.
Evidence for Genome Streamlining in Marine Thaumarchaeota. The genome streamlining hypothesis argues that species with large effective population sizes are under selective pressures that favor small genomes, reducing the material or energetic cost of cellular replication in nutrient-poor environments (47, 48). Streamlined genomes are found in diverse, uncultivated bacteria in the oligotrophic ocean (49, 50), and it has been suggested that evolution of the Archaea, in particular, has been dominated by reductive selection (51). As exemplified by Prochlorococcus (52), the uncultivated bacterial clade SAR86 (50), and Pelagibacter (39), reductive selection can result in a loss of metabolic versatility or nutritional dependencies (53), such as the loss of pathways for assimilation of oxidized forms of nitrogen or essential vitamin cofactors. The Ca. N. brevis genome has no apparent loss of cofactor or amino acid metabolism and the concomitant inclusion of a complete pathway for carbon fixation. The genome has the highest coding density of any Thaumarchaeota (94.6%; Table 1 ), although the coding density is lower than for streamlined bacterial genomes such as Pelagibacter (Table 1) . We did not find evidence of selection for shorter proteins, as average protein length is not correlated with genome size within the Archaea, according to an analysis of all finished archaeal genomes in the Integrated Microbial Genomes (IMG) database (R 2 < 0.01; n = 164). Consistent with other streamlined genomes (39), the abundance of paralogous proteins is small, even when normalizing for genome size (SI Appendix, Table S5 ). In particular, the Ca. N. brevis genome contains a reduced number of genes involved in environmental sensing and regulation relative to other Thaumarchaeota. Transcriptional regulation in archaea is controlled by two families of basal transcription factors: transcription factor B (TFB) and TATA-binding proteins (54), with orthologous proteins present in eukaryotes. TFBs and TATA-binding proteins combine as TFB-TATA-binding protein pairs, with different regulons according to the pairing, allowing for a complex regulatory scheme with few proteins (54, 55). It has been hypothesized that organisms containing more TFBs may be better suited to changing environmental conditions (56). The N. maritimus genome has eight annotated TFBs, which is among the highest in the archaeal domain (56), suggesting a large network of potential regulatory complexes to respond to a changing environment. The Ca. N. brevis genome contains only four TFB, in contrast to eight to twelve for other sequenced Thaumarchaeota. Whether transcriptional regulation by factor swapping analogous to sigma factor switching in bacteria occurs within the Thaumarchaeota remains to be demonstrated (55).
Somewhat surprisingly for an oligotrophic microbe, there are fewer predicted transport proteins (77 predicted in IMG and 50 predicted using TransAAP; SI Appendix, Table S6 and SI Appendix, Dataset S2) compared with other aquatic Thaumarchaeota. This reduction in transport proteins is particularly manifest for ATPbinding cassette (ABC)-type transporters (there are 18 in the Ca. N. brevis genome vs. 31 in N. maritimus) and holds even when these estimates are normalized to genome size (14.6 vs. 18.9 ABC transporters per millions of base pairs genome). The identification and expression of two Amt-type ammonium transporters (T478_1378, T478_1350) gives further support for the hypothesis that ammonia-oxidizing archaea actively transport ammonium (NH 4 + ) into the cell (13, 20) and is consistent with detection of these genes in environmental metatranscriptomes (8, 57) .
Comparison with Marine Metagenomic and Metatranscriptomic Data.
We used competitive fragment recruitment (SI Appendix, Materials and Methods) to determine the relative recruitment to the Ca. N. brevis and N. maritimus genomes in more than 360 metagenomic and metatranscriptomic datasets from marine environments, including the Global Ocean Sampling (GOS) Expedition data (58) (SI Appendix, Dataset S4). At 90% nucleotide identity or higher within the GOS data, read recruitment to Ca. N. brevis was 30 times greater than to N. maritimus (Fig. 2) , and Ca. N. brevis had higher recruitment in nearly twice as many samples (SI Appendix, Dataset S4). Two regions of the Ca. N. brevis genome were rarely observed in the metagenomic datasets, a characteristic associated with genomic islands, regions that are highly variable within a population of otherwise identical organisms ( Figs. 1 and 2 ). Although N. maritimus also contains several genomic islands (5, 8) , Ca. N. brevis's island gene contents are distinct from those in N. maritimus. The first Ca. N. brevis island, associated with a negative deviation in GC content ( Fig. 1) , encodes for 75 predicted proteins, of which nearly all appear to be involved in cell surface modifications through glycosylation (SI Appendix, Table  S7 ). These enzymes may act to modify the cell surface, changing the palatability to grazers (59) or reducing susceptibility to phage infection. The second, much smaller, island contains mostly genes with unknown function. Although nothing is known about thaumarchaeal phage or thaumarchaeal defenses against them, genomic islands in many marine microbes are dominated by genes involved in cell wall and polysaccharide biosynthesis and modification, as they are in Ca. N. brevis, suggesting an important role of phage in thaumarchaeal population dynamics (60). To this end, we did not identify lysogenic phage or phage integrases in the Ca. N. brevis genome. Further, we found no clustered regularly interspaced short palindromic repeats (CRISPR) or CRISPRassociated protein systems of phage defense, although a putative abortive infection phage resistance protein was identified (T478_0343).
Two final observations from the competitive fragment recruitment analysis are the ubiquitous presence of thaumarchaeal genomes in the marine environment and the extent to which present cultivated strains do not represent this diversity. Even when recruitment to ribosomal RNA genes is excluded, genome fragments with >50% identity to either Ca. N. brevis or N. maritimus were found in all but one of the 366 datasets examined. Sequences >90% identity to Ca. N. brevis were abundant in the oligotrophic surface ocean (the GOS data), and the two oligotrophic time series datasets (Hawai'i Ocean Time-series and Bermuda Atlantic Time-series Station), implicating Ca. N. brevis as a globally abundant contributor to nitrification in ocean surface waters. The majority of the competitive fragment recruitment, however, was at nucleotide identities less than 90% ( Fig.  3 and SI Appendix, Table S8 ). This indicates that a vast diversity of Thaumarchaeota distinct from Ca. N. brevis and N. maritimus exists in marine environments, and that further genomic and metabolic capability within this group remains to be explored.
Multiple cultures and corresponding reference genomes from marine bacterial clades such as the cyanobacterium Prochlorococcus and heterotrophic bacterium Pelagibacter have provided important insights into the forces driving genome evolution and diversification in the oligotrophic ocean (61, 62). Hindered by a lack of relevant cultures, we know far less about the open ocean Thaumarchaeota, although they play similarly important roles in marine biogeochemical cycling. The genome and proteome presented here for Ca. N. brevis, originating from the largest contiguous biome on Earth (63), are the first step to uncovering similar ecological and evolutionary insights into a significant component of the microbial community in the expanding oligotrophic ocean (64).
Materials and Methods
Cultivation and Genome Sequencing. The enrichment culture CN25 was grown under ammonia-oxidizing conditions in natural seawater-based oligotrophic north Pacific (ONP) medium (26) with 100 μM added NH 4 Cl and harvested onto 0.2-μm pore size filters. DNA was extracted using a modified phenol-chloroform extraction. Metagenomic sequencing was done on the Illumina HiSeq platform after paired-end library construction with a 2-Kbp insert size at the University of Maryland Institute for Genome Sciences Genomics Resource Center. Complete details can be found in the SI Appendix, Materials and Methods. The Ca. N. brevis CN25 genome has been deposited in the National Center for Biotechnology Information's GenBank repository under accession number CP007026.
Scanning Electron Microscopy. One hundred microliters CN25 culture was prefiltered through a 0.45-μm pore size syringe filter and then gently vacuum filtered onto 25 mm, 0.2 μm polycarbonate membrane filters, sequentially dehydrated, sputter coated, and prepared for observation with a Zeiss Supra 40VP scanning electron microscopy. Complete details can be found in the SI Appendix, Materials and Methods.
Genome Annotation and Metabolic Reconstruction. Gene prediction and annotation were done using both the J. Craig Venter Institute's microbial genome automated annotation pipeline and the Joint Genome Institute's Integrated Microbial Genomes pipeline with subsequent manual investigation. Complete details can be found in the SI Appendix, Materials and Methods.
Global Proteome. Early stationary phase CN25 cells grown under ammonia-oxidizing conditions in ONP medium were harvested by vacuum filtration onto single 0.2-μm pore size filters and frozen at −80°C. Proteins were extracted using SDS extraction buffer, trypsin digested, purified, and concentrated. Proteins were identified by LC-MS of protein extracts using both one-dimensional and twodimensional fractional chromatography. Mass spectral libraries were searched using SEQUEST HT (v 1.4). Complete details can be found in the SI Appendix, Materials and Methods.
Comparative Genomics and Phylogenetic Analysis. Ortholog clustering was conducted using CD-Hit at the indicated alignment cutoffs with subsequent pairwise BLASTP alignments. Phylogenetic analysis was done using a concatenated alignment of 43 ribosomal proteins, and a tree was generated as described in the SI Appendix, Materials and Methods. Table S1  Table S2  Table S3  Table S4  Table S5  Table S6  Table S7  Table S8 Fig. S1 The enrichment culture CN25 was grown under ammonia-oxidizing conditions May-June 2012 in 250 mL polycarbonate bottles in natural seawater-based ONP medium with 100 µM added NH 4 Cl at 22ºC as previously described (1) . Cells from 1 L of culture were filtered onto 25 mm 0.2 µm pore size Supor filters (Pall) and DNA was extracted using a modified phenol-chloroform extraction. DNA was further purified and concentrated using Amicon Ultra spin filter units (Millipore) with a 30 KDal molecular weight cutoff and quantified using Quanti-T reagents and a Q-Bit fluorometer (Invitrogen). Approximately 500 ng of DNA was used for library preparation and sequencing.
This file includes:

SI Materials and Methods
DNA sequencing was done on the Illumina HiSeq platform following paired end library construction with a 2 Kbp insert size at the University of Maryland Institute for Genome Sciences Genomics Resource
Center. An initial analysis of the reads revealed a bimodal %GC distribution with a large peak centered at 32 %GC and a smaller peak between approximately 50 and 65% GC, consistent with the relative percentage of bacterial contaminants in the culture (1) . A phylogenetic analysis of the reads indicated the archaeal reads were found in the low GC cluster. An assembly using the Celera assembler using just the reads < 45% GC resulted in five initial contigs. Manual examination reconciled one gap between the contigs due to assembly error, while PCR reactions followed by direct Sanger sequencing reconciled a second. One contig with much lower coverage than the other contigs was found to be absent from genomic DNA from CN25 and subsequently excluded. This resulted in two contigs and two gaps. Manual examination of these contigs revealed matching but reverse orientation sequences linking the ends of each contig. That is, two ends of separate contigs shared inverse repeats of 850 bp (at 99% nt identity) with each other. The other two ends shared separate inverse repeats of 1300 bp (at 99% nt identity) with each other. Theorizing that these may be assembly errors, PCR reactions were performed to confirm the orientation and presence of each inverted repeat half on each contig. However, such inverse repeats are nearly impossible to amplify across and are unamenable to cloning. Therefore we are assuming that these repeats match to each other with no insert. Both inserts are present in single copy within the N. maritimus genome, which likely reflects the cloning host recombining out one half of the repeat during bacterial artificial chromosome generation, as is typical.
Electron microscopy
Scanning electron microscopy (SEM) imaging followed the method described in (2). The CN25 culture (100 mL) was gently filtered through a 0.45 µm syringe filter to reduce the abundance of larger bacterial cells, then vacuum filtered onto 25 mm, 0.2 µm polycarbonate membrane filters (Millipore GTTP). The filter was rinsed with 0.2 µm filtered seawater, and passed through a sequential dehydration series of 30, 50, 75, 90, and 100% ethanol before a final dehydration in hexamethyldisilazane (Sigma) and air-drying. For SEM observation, filters were attached to a carbon adhesive tab and mounted on a SEM specimen holder. Mounted specimens were then sputter coated with 10-15 nm of gold and palladium (60:40) using a Tousimis Samsputter 2A and visualized with a Zeiss Supra 40VP scanning electron microscope at the Marine Biological Laboratory, Woods Hole, Massachusetts. The most abundant cell type in the preparations were rods with a diameter of 0.17-0.26 µm and length of 0.6 -1.0 µm. Slightly larger, less abundant cells in the enrichment with evidence of flagella were also present. We assume here that the smaller, more abundant cells are Ca. N. brevis.
Temperature optimum determination and organic amendment experiments
Ca. N. brevis was grown in ONP medium as described above with 50 µM NH 4 Cl, streptomycin (100 µg L -1 ) and ampicillin (50 µg L -1 ). For temperature optimum determination, triplicate 50 mL cultures were initiated by transferring 5 mL of exponential phase culture into 45 mL of medium and grown in the dark in 60 mL acid-cleaned polycarbonate bottles at 9, 16, 22, 28, and 34ºC without shaking. To test the effect of organic amendments on the growth of Ca. N. brevis, the organic compounds shown in Table S3 were added to 50 mL cultures to a final concentration of 5 µM each. Growth in all experiments was monitored using the concentration of nitrite (NO 2 -) determined colorimetrically (3). CN25 growth rates determined using changes in [NO 2 -] are indistinguishable from growth rates calculated using cell counts (1).
Annotation and metabolic reconstruction
Gene prediction and annotation were done using both the J. Craig Venter Institute's microbial genome automated annotation pipeline and the Joint Genome Institute's Integrated Microbial Genomes (JGI IMG) pipeline with subsequent manual investigation using IMG Expert Review (IMG/ER, (4)). KEGG annotations were conducted using KASS, with subsequent manual annotation. COG annotations were made in IMG (5) . In addition to IMG, putative transport proteins were identified using TransAAP (6). The genome was searched for putative CRISPR regions using CRISPRFinder (7) . The presence of integrative elements was investigated using BLASTP queries of putative integrases identified in other thaumarchaeal genomes against the Ca. N. brevis genome assembly. Additional manual curation of select pathways was done using KEGG pathway mapping and reciprocal best BLAST searches against available microbial genomes in IMG, and HMMR searches against the NCBI nr database (8) .
Comparative genomics and phylogenetic analysis
Ortholog clustering was conducted using CD-Hit at the indicated alignment cutoffs with subsequent pairwise BLASTP alignments to determine ortholog identity of the Ca. N. brevis proteins. In parallel, all peptides from the query genome were blasted against all other peptides in the subject genome (all vs. all BLAST), requiring 90% alignment length to the query sequence.
Using the archaeal ribosomal protein alignments from Yutin and coworkers (9) we generated HMMER-3 profiles. We then searched the predicted proteomes against the profiles with hmmsearch at an e-value cutoff of 1e-10 and took the top hit against the profile for each genome as the predicted homolog. Using hmmalign, these predicted homologues were then aligned against the profile and reconciled where possible against each other. The ribosomal alignments for which all members had a representative were then concatenated, and a tree was generated using FastTree (10, 11) with the parameter -wag.
The proteins used, in order of concatenation, were: L2p, L3p, L4p, L5p, L6p, L13p, L14p, L15p, L22p, L23p, L24p, L29p, L30p, S2p, S3p, S4p, S5p, S7p, S8p, S9p, S10p, S11p, S12p, S13p, S14p, S15p, S17p, S19p, L7ae, L15e, L10e, L18e, L24e, L37ae, L44e, S17e, S19e, S24e, S27e, S28e, S4e, S6e, S8e. The total length of the concatenated alignment was 8,794 positions. The longest member of the alignment had 7,168 aa among those positions. The additional reference genomes added to the analysis of Yutin and coworkers were Candidatus Ca. N. limnia SFB1 (gb|AEGP00000000), Candidatus Nitrosopumilus salaria BD31 (gb|AEXL02000000), Candidatus Nitrososphaera gargensis Ga9.2 (ref|NC018719), Candidatus Nitrosopumilus koreensis AR1 (gb|CP003842), Candidatus Nitrosoarchaeum koreensis MY1 (gb|AFPU01000001), and Candidatus Ca. N. limnia BG20 (gb|AHJG00000000). The alignment and tree are available on request (C. L. D).
Metagenomic fragment recruitment
Competitive fragment recruitment against the Ca. N. brevis and N. maritimus SCM1 genomes was conducted as described in (12) . Briefly, alignments via blastn to an in-house genome database (including the nr database from NCBI and recent single cell genomes obtained from JGI) identified metagenomic reads with highest affinity to Thaumarchaeota. This subset of metagenomic reads was then aligned to the Ca. N. brevis and N. maritimus genomes, with only the best hits counted, that is, a sequence recruited with higher identity to N. maritimus was not recruited to Ca. N. brevis, making the recruitment competitive. Recruitment was parsed according to the percent identity (%ID) to the best hit genome, with reads only being counted once according the %ID bandwidth described. For example, once recruited to the > 90%ID bandwidth, the read was excluded from the analysis at the 70%ID bandwidth.
Protein extraction and digestion CN25 was grown in natural seawater-based ONP medium (1) under ammonia-oxidizing conditions. Early stationary phase CN25 cells were harvested by vacuum filtration onto single 25 mm, 0.2 µm pore size Supor membrane filters (Pall) and frozen at -80ºC. Sample #1 used 5 x ~500 mL of cells grown with 100 µM NH 4 Cl (approximately 1.4 x 10 7 cells), Sample #2 used 3 x 250 mL of cells grown with 50 µM NH 4 Cl (approximately 2.7 x 10 6 cells). SDS extraction buffer (1% SDS, 0.1 M Tris/HCl pH 7.5, 10 mM EDTA) was added to each filter and incubated at room temperature for 15 min, heated at 95ºC for 10 min and shaken at room temperature (RT) at 350 rpm for 1 h. Protein extract was removed from filter into a new tube and centrifuged for 30 min at 14,100 x g at RT. Supernatant was removed and concentrated in a 5000 MWCO filter (Sartorius Stedim Biotech Vivaspin) to ~300 µL. The sample was precipitated with cold 50% MeOH/50% acetone/0.5 mM HCl for 1 week at -20ºC, and centrifuged for 30 min at 4ºC and 14,100 x g. Supernatants were removed and pellets dried by vacuum centrifugation (Thermo Savant Waltham, MA) on low setting for 10 min or until completely dry. Pellets were resuspended in 40 µL of 1% SDS extraction buffer and quantified using a DC protein assay kit (Bio-Rad, Hercules, CA) with bovine serum albumin (BSA) as a standard.
Extracted proteins were purified from SDS detergent and digested while embedded within a polyacrylamide tube gel, modified from (13), followed by reduction and alkylation, and trypsin digestion overnight. The tube gel approach allowed all proteins including membrane proteins to be solubilized by detergent and purified while immobilized in the gel matrix. A gel premix was made by combining 1 M Tris HCL (pH 7.5) and 40% Bis-acrylimide L 29:1 (Acros Organics) at a ratio of 1:3. The premix (103 µL) was combined with an extracted protein sample (usually 25 µg-200 µg), TE, 7 µL 1% APS and 3 µL of TEMED (Acros Organics) to a final volume of 200 µL. After 1 h of polymerization at room temperature (RT), 200 µL of gel fix solution (50% ETOH, 10% acetic acid in LC/MS grade water) was added to the top of the gel and incubated at RT for 20 min. Liquid was then removed and the tube gel was transferred into a new 1.5 mL microtube containing 1.2 mL of gel fix solution, then incubated at RT with gentle mixing (350 rpm in a Thermomixer R (Eppendorf)) for 1 h. Gel fix solution was then removed and replaced with 1.2 mL destain solution (50% MeOH, 10% acetic acid in water) and incubated again at RT with gentle mixing at 350 rpm for 2 h. Liquid was then removed, the gel was cut up into 1 mm cubes, then added back to tubes containing 1 mL of 50:50 acetonitrile:25 mM ammonium bicarbonate (ambic) incubated for 1 h at 350 rpm at RT. Liquid was removed and gel pieces were washed with 1ml of 25 mM ambic at 16°C 350 rpm for 1h. Gel pieces were then dehydrated twice in 800 µL of acetonitrile for 10 min at RT and dried for 10 min by vacuum centrifugation after removing solvent. 600 µL of 10 mM dithiothreitol (DTT) in 25 mM ambic was added to reduce proteins incubating at 56°C, 350 rpm for 1 h. Unabsorbed DTT solution was then removed with volume measured. Gel pieces were washed with 25 mM ambic and 600µl of 55 mM iodacetamide was added to alkylate proteins at RT, 350 rpm for 1h. Gel cubes were then washed with 1 mL ambic for 20 min, 350 rpm at RT. Acetonitrile dehydrations and vacuum centrifugation drying were repeated as above.
Trypsin (Promega) was added in appropriate volume of 25 mM ambic to rehydrate and submerse gel pieces at a concentration of 1:20 µg trypsin:protein. Proteins were digested overnight at 37°C while mixing at 350 rpm. Unabsorbed solution was removed and transferred to a new tube. 50 µL of peptide extraction buffer (50% acetonitrile, 5% formic acid in water) was added to gels, incubated for 20 min at RT then centrifuged at 14,100 x g for 2 min. Supernatant was collected and combined with unabsorbed solution. The above peptide extraction step was repeated combining all supernatants. Combined protein extracts were centrifuged at 14,100 x g for 20 min, supernatants transferred into a new tube and dehydrated down to approximately 10 µL-20 µL by vacuum centrifugation. Concentrated peptides were then diluted in 2% acetonitrile 0.1% formic acid in water for storage until analysis. All water used in the tube gel digestion protocol was LC/MS grade, and all plastic microtubes were ethanol rinsed and dried prior to use.
Global proteome analyses
Proteins were identified by liquid chromatography/mass spectrometry (LC/MS) of protein extracts using both 1-dimensional (1-D) and 2-dimensional (2-D) fractional chromatography. For 1-D chromatography, each sample (2 mg protein measured before tryptic digestion) was concentrated onto a trap column (0.3 x 10 mm ID, 3 µm particle size, 200 Å pore size, SGE Protecol C18G) and rinsed with 150 mL 0.1% formic acid, 5% acetonitrile (ACN), 94.9% water before gradient elution through a reverse phase C18 column (0.15 x 150 mm ID, 3 µm particle size, 200 Å pore size, SGE Protecol C18G) on an Advance high performance liquid chromatography (HPLC) system (Michrom Bioresources Inc.) at a flow rate of 1 µL/min. The chromatography consisted of a nonlinear gradient from 5% Buffer A to 95% Buffer B for 230 min, where A was 0.1% formic acid in water and B was 0.1% formic acid in ACN. A Q-Exactive Orbitrap trap mass spectrometer (Thermo Scientific Inc.) was used with an ADVANCE CaptiveSpray source (Michrom Bioresources Inc.). Each mass spectrometer was set to perform MS/MS on the top n ions using data-dependent settings (n = 15), and ions were monitored over a range of 380-2000 m/z.
2-D chromatography was performed by an initial off-line separation of tryptic digested protein (20 µg protein sample adjusted to pH 10 with ammonium hydroxide) injected onto a reverse phase PLRP-S column (0.2 x 150 mm, 3 µm particle size, 300 Å pore size, Michrom Bioresources Inc.) on a Paradigm MD4 HPLC at a flow rate of 2 mL/min. Peptides were eluted with a nonlinear gradient of 5% to 90% acetonitrile in 20 mM ammonium formate at pH 10. Fractions were collected every minute for 60 minutes and the first 30 fractions were combined with 56 µL of 0.1% formic acid, 2% ACN, 97.9% water, then combined with the following 30 fractions (fraction 1 with 31, 2 with 32, etc.). The 30 combined fractions were then analyzed following similar 1-D LCMS procedures described above, except with a shorter 60 min LC gradient.
Mass spectral libraries were searched using SEQUEST HT within Proteome Discoverer (version 1.4). SEQUEST HT mass tolerance parameters were set at +/-10 ppm for parent ions and 0.02 Da for fragment ions on the Q-Exactive mass spectrometer. Minimum parent ion size was set at 380 m/z and fragment ion size was set at 100 m/z. Cysteine modification of 57.021 Da and potential modification of +15.995 Da for methionine and cysteine oxidation were incorporated. Protein identifications were made using LFDR scoring in Scaffold 4.0 (Proteome Software, Portland OR USA), with 99.0% peptide confidence level and a <1% False Discovery Rate.
1012 proteins were identified with a 0.19% FDR (99% confidence level) on the peptide level and a 4.8% FDR (98% confidence level) on the protein level, with 52640 spectra matching peptides out of 518826 total spectra from 63 LC/MS runs. Table S4 . Average ortholog identity from BLAST queries between pairs of orthologous genes for select archaeal genomes. In parallel, all peptides from the query genome were blasted against all other peptides in the subject genome (all vs. all BLAST), requiring 90% alignment length to the query sequence, resulting in slightly different average identities depending on the direction of the comparison due to differing peptide lengths for orthologs in the genomes being compared. The The The P--type ATPase (P- . Maximum likelihood phylogenetic tree including Ca. N. brevis based on a concatenated ribosomal protein alignment using WAG model of amino acid evolution and the discrete Gamma20 distribution model implemented using FastTree (11) . 
